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A B S T R A C T   
This systematic review presents and discusses the previous research about hybrid devices which combine latent 
thermal energy storage (TES) technology and heat pipes. A bibliometric analysis of this issue shows how hybrid 
systems have globally grown popularity during time, providing details about the main researchers and research 
centres on this particular field. Then, the identified papers are assessed and categorized in two main sections, the 
experimental research carried out, and the numerical modelling of hybrid systems. Experimental research is later 
classified regarding the operating temperature range, and their final application. Numerical studies are also 
further categorized, accordingly to how heat pipes were modelled in this case. This review points out the lack of 
experimental studies at high temperatures, especially when many simulations extended their models (validated 
at low temperatures) to higher temperature designs. The paper provides details about the research performed, so 
the gap for future investigations can be spotted.   
1. Introduction 
This review explores in a systematic way all the available biblio-
graphy regarding hybrid systems of heat pipes and latent thermal en-
ergy storage (TES) systems and analyses their contribution to the state- 
of-the-art of this hybridization. The document also issues a bibliometric 
study, providing an overview of the interest in this particular topic 
along time and across the world. The synergy between heat pipes and 
latent TES arose from the necessity of improving the heat conductivity 
of the materials used in these TES systems, since heat pipes are one of 
the most efficient known devices to transfer heat [1]. By embedding 
heat pipes within TES devices, the heat transfer surface is enlarged. 
Increasing the heat transfer ratio between the TES material and the heat 
income (during loading process), and the heat output (when dischar-
ging); without adding extra pumping requirements to the system [2]. 
Thermal energy storage (TES) systems can be divided into sensible, 
latent, and thermochemical TES [3], the second one is the main target 
of this article. Latent TES, with phase change materials (PCM) as storing 
material, have a large capacity to store and release thermal energy by 
means of nearly isothermal processes [4]. There are many PCM with 
potential to become a good thermal energy storage material. None-
theless, some properties must be possessed by the PCM, such as non- 
flammability, low toxicity, harmlessness, a melting and solidification 
according to the requirements, thermal stability, high heat of fusion, 
and high thermal conductivity; the latter property is hardly achieved by 
the PCM available today. Hence, due to the PCM low thermal con-
ductivity, many researchers focused their efforts on developing new 
mechanisms which can overcome that drawback. Several designs and 
methods have been tested to improve heat transfer in these systems, 
such as adding different geometry fins, bubble agitation, including 
metal matrixes or other enhancement materials (such as graphite or 
nano-particles) into the PCM, and the insertion of heat pipes [3,5,6]. 
One of the simplest ways to increase the thermal conductivity in the 
storage tank is to enlarge the heat transfer surface. However, enlarging 
the PCM tank piping, where the heat transfer fluid flows through, can 
cause serious pressure drops and it reduces the effective PCM storage 
volume. By including heat pipes in the TES tank, at least one of the last 
issues would be avoided, since the number of heat pipes can be in-
creased without affecting the heat transfer fluid (HTF) flow. The use of 
heat pipes is one of the most pursued ways to improve the already 
mentioned low heat conductivity of PCM [2], since heat pipes can be 
several thousand times as effective as the best metals in heat trans-
porting [7]. 
Heat pipes are passive devices which are able to transport great heat 
amounts by using latent heat of an inner working fluid. Also, this heat 
transfer occurs at almost isothermal conditions, with a minimal tem-
perature difference as driving force [8,9]. A heat pipe consists of three 
main parts: evaporator, adiabatic section, and condenser (Fig. 1). The 
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heat input goes through the evaporator part, evaporating the working 
fluid inside the heat pipe. Then the vapour flows along the adiabatic 
section towards the condenser section. When condensing, the fluid goes 
back to the evaporator section, completing the cycle. The fluid return 
can happen by capillarity through an internal wick, or by gravity. The 
latter means a wickless heat pipe which is usually called thermosiphon 
instead of heat pipe. Among wicked heat pipes there are different types 
of wick systems to optimize the performance of capillary force in heat 
pipes, such as screen mesh, sintered metal, axial grooves, open annulus, 
or artery wick [9]. The wick selection depends on the heat pipe working 
condition and goal, to get the best wick design. Before choosing a heat 
pipe wick, three main parameters must be taken into account: minimum 
capillary radius, permeability, and effective thermal conductivity. For 
large capillary pressure, a small capillary radius is required. The per-
meability measures the axial liquid flow; the higher the permeability is, 
the lesser liquid pressure drop across the wick will be. Large values of 
effective thermal conductivity mean small temperature drop in the wick  
[9]. 
In 2015 Naghavi et al. [5] published a thorough review of hybrid 
applications. They concluded from the experimental literature that heat 
pipes with latent TES systems for solar applications improved their 
efficiency. Also, from the numerical research, they pointed out the use 
of 1-D and 2-D simulations due to the equation´s complexity. The 
present document provides an upgraded state-of-the-art, which is 
especially relevant in this case since the publications regarding hybrid 
system grew considerable in the last years, as it will be shown in  
Section 3.1. Also, the present review provides a different approach re-
garding the numerical research, by highlighting the heat pipe modelling 
in hybrid systems. Since regardless the system dimensions (1-D or 2-D), 
the model complexity can be eased by simulating the heat pipe as high 
thermal conductive solid, for instance, reducing the computing costs as 
well. 
The research community interest on heat pipes and latent TES hy-
brid technology has increased within the last years. Therefore, the 
paper aims to provide updated guidelines for future research on this 
technology. The review classifies the studies according to their appli-
cation, making it easier to spot what previous researchers have studied, 
and the new paths to pursue. 
2. Methodology 
This paper followed a systematic review methodology [10], starting 
with the definition of the adequate query to find the documents related 
Fig. 1. Heat pipe scheme and working cycle.  
Fig. 2. Query performed to find the documents regarding the research on hybrid systems of PCM and heat pipes.  
Fig. 3. Number and cumulative number of publications per year addressing 
heat pipes, PCM and latent TES. 
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to the topic of interest, followed by a bibliometric analysis of the found 
references, and finishing with the review of the state of the art. 
In this study Elsevier Scopus and Web of Science (WoS) databases 
were used. The search query was “heat pip*” (the star character allows 
to search for words derived from “pip” such as pipe, pipes, piping and 
so on) and the time span considered all documents available in both 
databases. Initially, this search gave a total of 12712 and 7048 docu-
ments in Scopus and Web of Science, respectively. It has to be taken 
into account that when looking into Scopus database the searched 
words had to be found within the paper title, keywords or abstract; on 
the other hand, Web of Science considered the search words as topic. 
Since the scope of this study is to review the state-of-the-art in those 
systems which include both heat pipes and TES systems, all these 
documents are not related with the reviewed topic. Hence, an advanced 
query was performed. PCM and storage, “phase change material*” and 
storage, “latent heat storage”, "latent heat thermal energy storage", 
Fig. 4. Geographical representation of the number of publications by country according to (a) Scopus, and (b) Web of Science.  
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LHTES, “latent thermal storage”, allowing in the latter three words 
between thermal and storage, when using Scopus, it was written as 
“latent thermal /w3 storage” (Fig. 2). Along the screening process, an 
exclusion to make was discovered. Because of PCM also stands for phase 
change memory, regarding a non-volatile RAM memory to store data by 
changing the state of the material (it changes back and forth between 
amorphous and crystalline) the word “memory” was added to the query 
as exclusion. Therefore, on the obtained results, a deeper screening 
process was carried out to check if all the documents were related with 
the topic. Finally, 200 and 144 publications from Scopus and WoS fo-
cusing in the use of heat pipes coupled with latent TES were identified. 
Therefore, all the documents were compared to check if both databases 
retrieved the publications. As a result of this process, 232 publications 
were identified in one or the other databases. 
3. Bibliometric analysis 
Prior to analyse every collected document from the query (Fig. 1) a 
bibliometric analysis of the publications within the reviewed topic was 
carried out. Providing a global overview of the topic and its tendency 
along the past years. The analysis was performed for the different re-
sults of the two used databases, Scopus (200 documents) and Web of 
Science or WoS (144 documents). 
Fig. 5. Cooperation network map by countries or regions according to (a) Scopus, and (b) Web of Science.  
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3.1. Yearly distribution and growth trends 
The number of publications along time is an indicator of the trends 
regarding the topic, and it can be seen in Fig. 3, also with the accu-
mulative publication number. The topic got on fashion from 2014, 
having increased its publications over the last years. After a review of 
the total documents regarding this topic, it was found that the afore-
mentioned increase was due to the portable computer technology and 
its necessity of high performance refrigeration in small devices, and the 
coupling of this hybrid technology with solar energy systems. 
3.2. Distribution of publications by country 
The 232 retrieved publications on the topic PCM plus heat pipes 
were distributed along 36 countries, when considering both databases. 
Analysing Scopus and WoS separately, the studied topic was present in 
32 and 29 different countries or regions. Fig. 4 shows a world map, 
highlighting the countries where at least one document related with the 
topic was published. Fig. 4a shows the countries which have published 
some document according to Scopus, in blue colour, and Fig. 4b those 
which occur just in WoS, in red. By comparing both maps it can be 
observed that Canada, Oman, Russia, and Sweden were present just in  
Fig. 4b. Otherwise, Italy, Egypt, Liberia, New Zealand, Pakistan, 
Turkey, and United Arab Emirates were present just in Scopus database 
(Fig. 4a). When matching the number of publications per country in 
both databases, some differences were found for the same country. It 
can be observed in Fig. 4 that within countries such as Australia, Libya, 
Iraq, South Korea, Sweden, Canada, Oman, and Russia there is a mis-
match in favour to WoS (this mismatch means 10 publications). How-
ever, when performing a deeper study on the documents retrieved by 
Scopus, the total amount of publications was 224 instead of 200, be-
cause some documents have more than one affiliation. Also, there are 
some documents retrieved by Scopus which were conference reviews, 
those add an extra document to the search but they are not a publica-
tion itself (those documents were discarded when performing the re-
view). Additionally, the query in Scopus retrieved 19 publications 
classify as “undefined” country or region. All in all, the distribution of 
publications by country, although it is relevant because it shows a 
global picture of the research topic, it is not 100% accurate. Fig. 4 
shows that, between China and USA the majority of the total publica-
tions was covered. However, this was because USA and China were the 
first and the second countries in the rank regarding the global GDP, 
respectively, and they both had a huge population. Therefore, it did not 
mean that they are specially focused on this topic. 
The cooperation network among the countries was studied by using 
VOSviewer, it was done separately with data retrieved from Scopus and 
from WoS. When analysing the data from Scopus, the results showed 
that there were two groups of countries which work together; the first 
one gathered China, USA, U.K, Australia, Liberia, Libya, New Zealand, 
Austria, and Iraq; the second group was formed by Iran, Malaysia, Saudi 
Arabia, Thailand, Russia, India, and South Africa. Fig. 5a shows the 
network among the different countries. On the other side, the data from 
WoS show that all countries were indirectly connected being China and 
USA the main participants (Fig. 5b). On Fig. 5, the label is sized by the 
Fig. 6. Co-authorship network on heat pipes and latent TES.  
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number of publications in each country, and the line thickness between 
nodes represents how strong the cooperation between those countries 
was. The colours represent the collaboration clusters, which in this case 
were arranged by countries in direct connection. It has to be pointed 
out the fact that despite the great amount of publications by China and 
USA, both countries developed just eight documents with other entities 
from different regions, four out of those eight were carried out between 
these two countries. 
3.3. Distribution of research institutions 
Similarly as the analysis performed regarding the publications by 
country, the documents by institution were analysed. However, the 
approach in this case was just to know which institutions were more 
productive regarding the studied topic. There were 33 universities, 
higher education, and research institutions which published at least 
three documents in this topic. From this rank, the top two were the 
Beijing University of Technology and the Chinese Academy of Sciences, 
followed by University of Connecticut, and Virginia Polytechnic 
Institute and State University. Chinese and US institutions were at the 
top of this research topic, as expected after the analysis by country. Just 
two USA companies, Advanced Cooling Technologies, Inc. and The 
Energy Group, were among the institutions with three or more pub-
lished documents. 
3.4. Relationship by authors and co-authorship 
The relationship among the different authors who had at least two 
publications on the topic heat pipe and latent TES topic was mapped 
(Fig. 6). This mapping analysis allows to identify the most productive 
authors and their group. This kind of study is useful for future re-
searchers to seek a possible collaboration with others authors. Also, 
knowing the leading authors on the studied topic gives to future re-
searchers a good starting point when performing the state-of-the-art 
before carrying out their own research. From the total 200 documents 
retrieved by Scopus, there were 162 different authors. Out of those, 53 
authors contributed just with one document, 59 authors at least with 
two documents, and 50 authors published three or more documents. 
The most productive authors, who published 10 documents each, were 
T. L. Bergman (USA), A. Faghri (USA), L. Liang (China), K. Nithya-
nandam (USA), and R. Pitchumani (USA). From these five authors, 
Faghri and Bergman directly collaborated together and Liang was 
Fig. 7. Documents distribution by subject categories in (a) Scopus, and (b) Web of Science.  
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indirectly connected with them. However, K. Nithyanandam, and R. 
Pitchumani had no cooperation at all with others authors. Finally, it has 
to be taken into account that the most cited author was A. Faghri (291 
citations for his most cited paper) followed by Bergman (180 citations 
for his most cited paper). All in all, the research work developed by 
these two authors was a good starting point for performing a review on 
the heat pipes in couple with latent TES topic. 
3.5. Distribution of published documents by subject categories 
The documents found by both databases were categorized by subject 
categories to check which was the most common field assigned to them.  
Fig. 7 shows the documents, in percentage, included in the different 
areas of knowledge. The categories considered by Scopus and Web of 
Science were different. According to Scopus, the majority of the docu-
ments were published in Engineering and Energy journals, 34% and 
25% respectively (Fig. 7a); those areas were the expected ones. How-
ever, the third subject is Physics and Astronomy (11%), due to the use 
of the heat pipes for space applications. When analysing the data from 
Web of Science, the main areas of knowledge with heat pipes and PCM 
studies were Energy Fuels (26%), Thermodynamics (24%), and En-
gineering Mechanical (18%), the three areas were an expected field 
(Fig. 7b). It has to be taken into account that Web of Science was more 
specific within the subject categories which it considers. All in all, the 
documents retrieved for performing the review matched with the de-
sired field of study. 
3.6. Document keywords analysis 
Finally, by using the aforementioned software tool VOSviewer, the 
co-occurrence of every document keywords could be spotted (Fig. 8).  
Fig. 8 shows the keywords used in the published documents, regarding 
that only the keywords which appear in three or more documents were 
considered. The circle size gives the times that a keyword has been 
Fig. 8. Keywords co-occurrence related with heat pipes and TES systems.  
Fig. 9. Liu et al. [14] hybrid heat exchanger design with heat pipes and PCM. 
Adapted from Liu et al. [14]. 
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used, the links mean that the connected words share publications, the 
thicker the line is the more documents they appear together. As ex-
pected, the spotlight was on “heat pipe”, “phase change material”, 
“thermal energy storage”, “latent thermal energy storage”, and “heat 
transfer”. However, Fig. 8 relevance lays in its easiness to spot a non- 
related keyword. In this case, all keywords shown were connected with 
the studied topic, so the documents which were considered in this re-
view were relevant at first sight. Some of the applications in which heat 
pipes and PCM were used can be seen on Fig. 8, such as concentrated 
solar power, energy efficiency, heat exchangers, cooling, heating, or 
space applications. The latter confirms Physics and Astronomy ap-
pearing as knowledge area in Section 2.5. 
4. Review of hybrid systems applications 
This section was categorized into three subsections, each of them 
related to a different temperature range in which the reviewed studies 
were performed. These subsections were low, medium, and high tem-
perature, considering those below 150 °C, from 150 to 400 °C, and 
above 400 °C, respectively [11]. Also, the documents reviewed were 
Fig. 10. Faghri et al. [16–19] design for a cylindrical latent TES with (a) several heat pipes and (b) with one heat pipe. (c) Tiari [20] latent TES with simplified heat 
pipes. Adapted from [16–20]. 
Fig. 11. Saraswat et al. [24] test rig description. Adapted from [24].  
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Fig. 12. (a) Khalifa et al. [25] latent TES with bare heat pipe and finned heat pipe. (b) Khalifa et al. [27] TES design for solar power plants thermal storages. Adapted 
from [25,27]. 
Table 1 
Hybrid system for heat exchanger applications.        
Year PCM Tmelting [ºC] Heat pipe Outcomes Ref  
1978 Paraffin-white 48 Aluminium 
(ammonia) 
The charging time for a sodiumthiosulphate-pentahydrate TES was 2.6 times longer than paraffin-white, 
numerically. Paraffin-white was chosen to build the finned heat pipe heat exchanger. 
[12] 
H10Na2O8S2 55 
1984 Myristic acid 53 - Varying the inlet hot fluid temperature from 63 to 78 °C increased the heat transfer rate from 0.6 to 1.5 
kW. Also if the HTF flow rate rose from 100 to 350 l/h, the heat transfer rate was doubled. 
[13] 
2006 Paraffin wax 52 Copper (acetone) Increasing (lowering) the inlet hot (cold) fluid temperature from 70 °C to 90 °C (25 °C to 10 °C), 
shortened charging (discharging) time from 251 to 121 min (155 to 118 min) respectively, being a 52 % 
time reduction (24%). Same effect was produced by increasing the flow rate from 0.83 to 3.33 kg/min, 
the melting (solidification) time was reduced by 24% (17.5%). 
[14] 
2006 Paraffin wax 52 - When simultaneous charging and discharging happens, the cold water loop took the majority of the heat 
input, due to the PCM thermal resistance. Therefore, to regulate the energy part store, the heat transfer 
between the heat pipe and the PCM had to be improved. 
[15] 
2014 Rubitherm RT82 82 Copper (water) Numerical and experimental testing of using bare heat pipe or finned heat pipe. The addition of four 
(five) fins increased the overall effectiveness by around 24% (34%) when comparing with a bare heat 
pipe. The loss in TES capacity due to fin addition was 0.86% (1.07%). 
[25] 
2015 Paraffin wax RT60 60 Copper The model was validated with experimental results and then used to simulate a storage tank at a CSP. 
The latent TES tank fed a 50 MWe turbine along 9 hours. In comparison with liquid and solid sensible 
TES, the proposed model required 81% and 51% less materials, respectively. 
[27] 
2016 Paraffin wax RT60 60 Copper The numerical and experimental results were compared, showing a mismatch which overestimated the 
effective thermal conductivity. Three heat pipes volumes fractions were studied (1%, 2% and 3%), 
effective thermal conductivity gradually increased up to 2% and then ramped up. For simulations at 
higher temperature (280-390 °C), 10 % of heat pipes volume fraction was used. The improvement was 
measured in regards to HFT tube length required, being this reduced by 77%. 
[28] 
2018 Paraffin 52 Copper Different heat pipe working fluid filling ratios were tested (50%, 25%, 12.5%, and 0%), showing the best 
results at 25%, regarding the equivalent thermal conductivity (2.05, 4.85, 1.53, and 1.49 W/(m.K)). 
[29] 
2017 Rubitherm RT3 2-5 Copper The average temperature of the food on the self was reduced by 13.7-32%. The temperature was more 
uniform, reducing its fluctuation in 53.3-83.3%. RT4 showed better results, keeping the food 0.2-0.5 °C 
below the other PCM. 
[31] 
Rubitherm RT4 2-4 
Rubitherm RT5 1-6 
2017 Paraffin 60 Copper (water) A semi cylindrical container, where the heat pipes were attached axially into a strip heater. The melting 
process time was compared with and without heat pipes, being 5.5 and 12 hours respectively. The 
vertical thermal gradient was reduced, lowering the effect of natural. 
[24]    
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divided into several groups according to their final application. The 
main applications, in which this review was classified, were heat ex-
change, solar, electronics, battery, and spacecraft applications. Finally, 
they were also classified by the research methodology being experi-
mental studies or numerical modelling. 
4.1. Applications at low temperatures 
Among all the reviewed experimental documents, the great majority 
of them were included within this section, hybrid applications at tem-
peratures below 150 °C. So further categorization was made, according 
to the research application. Being those, heat exchangers, solar systems, 
Table 2 
A cylindrical latent TES assisted by heat pipes and its upgrades along the time [16–20].                
Year PCM Tmelting [ºC] Heat pipe Outcomes Ref  
2011 -2014 N- 
octadecane 
(C18H38) 










Rod 1 - - 200 1 152 1 
Heat pipe 1 - - 126 1.4 102 1.5 
Heat pipe - Foil 0.957 - 162 13 14.7 11 8.4 
Heat pipe - Foil 0.987 - 49 31 6.4 21 5.2 
Heat pipe - Foam 0.948 40 - 29 7.9 25 4.2 
Heat pipe - Foam 0.949 20 - 29 7.6 23 4.5 
Heat pipe - Foam 0.943 5 - 29 7.4 24 4.2 
Heat pipe - Foam 0.870 20 - 21 11.2 14 6.4 
The effectiveness is calculated by comparing the thermal performance to the base case (rod). Heat pipe with 162 foils gave the best effectiveness, 14.7 (8.4) when melting (solidifying), 




27.5 Copper (water) Enhancement Melting at different orientation angles Solidification at different orientation 
angles 
[19] 
Time (min) Effectiveness Time (min) Effectiveness 
0º 90º 0º 90º 0º 90º 0º 90º 
None 136 172 1 1 398 428 1 1 
Foam 106 104 1.3 1.5 112 112 1.7 1.7 
Rod 96 118 2 1.9 102 98 1.9 2 
Heat pipe 78 106 2.2 2.3 84 72 2.3 2.1 
Heat pipe - Foil 16 18 7.2 5.4 13 11 3.7 3.8 
Heat pipe - Foam 34 38 11.9 9.4 26 28 5.7 5.3 
The effectiveness was calculated by comparing the thermal performance to the base case. Taking into account that when the orientation angle is 0º (90º), the system was vertical 
(horizontal); the angle affected significantly the effectiveness of the configurations with heat pipe and foil or foam, and specifically during the melting process. 
2017 Rubitherm 
RT55 
55 Copper  
(water) + Acrylic 
(water) 
Charging HTF inlet temperature 63 °C, 68.3 °C, and 73 °C, resulted in a charging time of 16, 
10, and 7 hours respectively. Increasing the HTF flow rate 1.89, 3.79, and 7.57 l/min 
(at 68.3 °C) reduced the charging time from 14 to 12 and 10 hours respectively. 
[20] 
Discharging HTF inlet temperature 20 °C, 15 °C, and 10 °C, resulted in a discharging time of 17, 
16.7, and 16.7 hours respectively. Increasing the HTF flow rate 1.89, 3.79, and 7.57 





28 Copper (water) The heat pipes into PCM reduced the melting (solidifying) time from 190 (800) to 16 (80) min. 
Increasing (reducing) the input temperature from 35 °C to 50 °C (from 15 °C to 5 °C) reduced the charging 
(discharging) time by 53% (49%). 
[23]    
Fig. 13. Khalifa et al. [28] latent TES with heat pipes randomly spread within the PCM.  
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cooling in electronics, batteries, and buildings. 
4.1.1. Hybrid systems as heat exchangers 
Although many of the next designs were thought to work in couple 
with solar applications, they were heat transfer devices between heat 
input and a heat sink, making them a proper heat exchanger solution. 
The first records of a hybrid PCM and heat pipe system to work as a heat 
exchanger was developed in 1978 by Abhat [12]. A six litres cylindrical 
glass container with a finned heat pipe in the middle was made with 
paraffin-white inside as PCM. The heat pipe could transport 100 W at 
50 °C. A simple model of the design was developed, and it determined 
that the PCM used, fin geometry and heat flux input played an im-
portant role into the system performance. Following his previous re-
search, Abhat [13] developed a modular finned heat pipe heat ex-
changer full of fatty acid as PCM (myristic acid). Charging, discharging, 
and both processes at the same time (By-pass mode) were carried out at 
different HTF flow rates and temperatures. The advantage of the 
modular configuration was that heat capacity could be increased and, 
as it was checked, heat transfer rate kept constant. 
An annular finned gravity driven heat pipe heat exchanger with 
latent TES was designed and developed by Liu et al. [14,15]. There was 
a hot water loop and a cold one which flowed through the heat pipe 
evaporator and condenser, respectively (Fig. 9). The apparatus could 
operate for charging, discharging or simultaneously, making it suitable 
for weather dependant applications, such as solar thermal energy sys-
tems. The water temperature and flow from both loops, determined the 
operation mode. The influence of several parameters such as hot and 
cold fluid inlet temperature, fluid flow rate, and PCM initial tempera-
ture, was experimentally tested. 
A cylindrical latent heat TES coupled with heat pipes was designed 
and developed by Faghri et al. [16–19] (Fig. 10a and b). They added 
fins and then heat pipes as heat transfer enhancement method. The use 
of heat pipes improved the melting ratio over 70% and 50% in regards 
to the control case and the fin scenario, respectively. When solidifying 
the PCM, heat pipes almost two-folded the rate over the standard 
design. The use of foil and foam in couple with a heat pipe was also 
tested, where the control design was a copper rod with PCM tank. All 
configurations with heat pipes: just heat pipe, heat pipe plus foil, and 
heat pipe with foam, enhanced the melting (solidifying) time, by 37% 
(33%), 93.5% (92.8%), and 89.5% (90.8%) respectively. The effect of 
foil thickness and foam pore density was found to be insignificant in 
comparison to the influence of porosity (Table 2). Additionally, six 
different configurations (heat pipe with foil or foam, just heat pipe, just 
a copper rod, just foam, and none enhancement) were tested under 
different inclination angles. As solidification was mainly driven by 
conduction, the system orientation hardly affected the process. How-
ever, the angle influenced the heat pipe performance due to the capil-
lary limit of the wick. Table 2 gives more details about this research. 
Faghri study was kept on by Tiari et al. [20] who manufactured a design 
previously modelled [21,22] (see hybrid systems numerical models  
Section 5.3). The device consists of cylindrical latent TES with a heat 
pipe network (a primary heat pipe and four secondary ones) embedded 
in PCM (Fig. 10c). The secondary heat pipes transferred heat excess to 
the PCM. The heat pipes were simulated by common pipes through 
where HTF flows. Therefore, the HTF entered through the main acrylic 
pipe and then the stream split, some runs towards the secondary copper 
pipes and some flows back to the heater water tank. The influence of 
HTF flow rate and inlet temperature were assessed. A flow rate increase 
from 1.89 to 7.57 l/min, reduced the charging process time by 30%. 
However, this parameter hardly affected the discharging process 
(mainly driven by heat conduction), when rising the flow rate by 300%, 
a 6.5% improvement in solidifying time was achieved. Higher inlet HTF 
temperature (from 63 °C to 73 °C) also accelerated the charging process 
by 55% (see Table 2). Motahar et al. [23] also designed a cylindrical 
latent TES assisted with a heat pipe, and like Faghri et al. [16–19] used 
n-octadecane as PCM. Their goal was to check the effect of input tem-
perature and the use of heat pipes. As expected, higher temperature 
input (from 35 °C to 50 °C) reduced the charging time (by 53%) and 
colder temperature (from 15 °C to 5ºC) accelerated the discharging time 
(by 49%). 
A similar design, but semi cylindrical container, was developed by 
Saraswat et al. [24]. The main difference was that the heat pipes were 
attached axially into a strip, as seen in Fig. 11. As the strip was con-
nected to a power supply, it worked as a heater. The addition of heat 
pipes reduced the melting time from 12 to 5.5 hours. Natural convec-
tion influence was reduced, since melting was localized at each heat 
pipe, the vertical thermal gradients were lowered. 
Khalifa et al. [25] took a design modelled by Shabgard et al. [26], 
which is described in hybrid systems numerical models Section 5.2, and 
used the same approach for the paper numerical part and also to build 
the prototype. Bare heat pipe and finned heat pipe as heat transfer 
enhancement were numerically and experimentally tested (Fig. 12a). 
By adding an aluminium cover with four fins around the heat pipe, the 
system effectiveness improved by 24%, in regards to the bare heat pipe 
option. Khalifa et al. [27] followed the same procedure, they modelled, 
built and experimentally studied a design at low temperature (60 °C) 
applying later the model to high temperature solar applications 
(Fig. 12b). More details about Khalifa et al. [27] outcomes are in  
Table 1. Khalifa et al. [28] repeated the same procedure (numerical and 
experimental tests) with a different design (Fig. 13). The authors added 
miniature heat pipes randomly into a square box full of PCM. This 
configuration improved the heat transfer performance, but random 
distribution of heat pipes could disappear due to natural convection 
when the PCM was melted. Then the model was used to simulate a 
medium/high temperature (280 °C - 390 °C) storage for a concentrated 
solar power plant. A similar latent TES with heat pipes block was built 
Fig. 14. Wu et al. [31] hybrid shelf design for cooling in vertical open re-
frigerated display cabinets. Adapted from [31]. 
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by Weiss et al. [29], where a hot plate transferred the heat towards a 
cold plate passing through the TES block. Jouhara et al. [30] built a 
heat exchanger in which the charging channel were made by stainless 
steel heat pipes. The heat pipes transferred heat from a steam flow. 
Then cold water flowed through a stainless steel coil inserted into the 
latent TES tank too. The experiments showed the feasibility of this 
concept for waste heating recovery. 
Among all the experimental studies considered, just one was focused 
Fig. 15. Diao design along their research, (a) first latent TES system with flat micro heat pipes [33], (b) flat micro heat pipe in couple with a solar collector [44], (c) 
designs (a) and (b) combined through an air duct [35], (d) upgrade of design (c), the air duct is suppressed [37]. Adapted from Diao et al. [33,35,37,44]. 
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in hybrid, heat pipes and PCM, system for refrigeration [31]. Wu et al.  
[31] developed a shelf for food vertical open refrigerated display ca-
binets (Fig. 14). The shelf itself was the PCM tank and heat pipes were 
inserted in it by the evaporator part. Three different PCM were com-
pared against themselves and against a normal shelf. The food average 
temperature was reduced by 13.7-32%, and the temperature fluctuation 
decreased by 53.3-83.3% (see Table 1). 
4.1.2. Solar applications at low temperatures 
Diao et al. [32] designed, manufactured, and patented a flat micro- 
heat pipe arrays TES unit (Fig. 15a), which was deeply analysed along 
several experimental [33–41] and numerical [42,43] studies. The latter 
will be explained in hybrid systems numerical model Section 5. The flat 
micro-heat pipes evaporator section was in contact with the heat 
supply, which could be a hot fluid [33–36], an electrical heater [38] or 
directly a solar collector [37,39–41]. The condenser part of heat pipes 
was inserted into a cold loop. The heat pipes had fins attached and were 
embedded into a container with PCM. They used acetone and re-
frigerant R141b as heat pipe working fluid, and the chosen PCM was 
paraffin wax (melting temperature 52-53 °C) or lauric acid (melting 
temperature 43 °C) (Table 3). From the experiments, it was realised that 
the effect of natural convection played a significant role when melting 
the PCM. However, natural convection effect was weaker during the 
discharging process. 
Diao et al. [35,37,39–41] combined the previously developed flat 
micro-heat pipe energy storage device directly (Fig. 15d) and indirectly 
(Fig. 15c) with a solar collector. The solar collector included another 
heat pipe module into the absorber panel [44] (Fig. 15b). As in previous 
experiments the influence of the heating input power (solar irradiance), 
and HTF volume flow rate was tested. Two studies used the same test 
rig [36,39], PCM, and working modes (alternative charging and dis-
charging processes) but changing the HTF, being first air [37] and then 
water [40]. Within both studies the system stored more or less the same 
energy (around 11 MJ), and the PCM temperature rose up to 60 °C; but 
the water system achieved it in four hours, unlike the air one which 
took eight hours. Therefore, the HTF meant a significant power dif-
ference, being 1323,3 W the water system and 393 W the air one, when 
loading. 
Ladekar et al. [45,46] also made a prototype with a solar collector 
in couple with a latent TES with embedded heat pipes, connected by a 
HTF loop. A latent TES with heat pipes was compared against a latent 
TES with copper pipes. The heat pipes were optimized by studying the 
heat pipe working fluid filling, the ratio between evaporator and con-
denser, and the heat pipe diameter (see Table 4). They achieved a 187% 
improvement against the copper pipe storage tank, regarding charging 
and discharging times. Shinde et al. [47] built a similar system, solar 
collector in couple with latent TES, for solar drying. Faegh and Shafii  
[48] designed and developed a solar system for drying purposes too. 
Their systems stored the excessed heat from desalination in the latent 
TES. When the solar input was gone, the stored heat was transferred 
back for desalination through the heat pipes. 
As Diao et al. did [35], Naghavi et al. [49] also inserted the heat 
pipes into the evacuated tubes, the condenser section was into the TES 
module (Fig. 16). However, Naghavi et al. [49] storage was directly 
connected with the evacuated tubes and the discharging was made by a 
water pipe loop, unlike Diao et al. [35] which used air. Anyways, in 
terms of efficiency a comparison can be done since the PCM used is 
similar. Naghavi et al. [49] prototype reached a thermal efficiency of 
38-42% along sunny days, while Diao et al. [35] got up to 53.3%. 
Many authors developed solar collectors in which the PCM as well 
as the heat pipes were inserted into absorber tubes (Fig. 17a), or solar 
panels. Papadimitratos et al. [50,51] built a solar collector that in-
cluded the PCM with embedded heat pipes into the absorber tubes 
(Fig. 17b). They tested the viability of the technology at large scale with 
two different PCM, tritriacontane (72ºC) and erythritol (118 °C). Same 
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Papadimitratos et al. [50,51], compared it against a solar collector with 
no PCM, but with heat pipes. They managed to reduce the heat losses, 
due to temperature difference between the collector and ambient air, by 
32% compared with the conventional system. The addition of the PCM 
achieved to supply 45-79% more useful heat than the normal solar 
collector. Then they added a compound parabolic concentrator 
(Fig. 17c) to enhance the thermal efficiency of the prototype. The 
parabolic concentrator allowed the solar radiation to hit the shaded 
absorber tube area, increasing the heat stored in the system by 8%. Li 
et al. [54] also poured erythritol into the evacuated solar tubes 
(Fig. 17d), but they added expanded graphite for heat transfer en-
hancement (3 wt%). Compared to pure erythritol, 3 wt% and 97 wt% 
increased the thermal conductivity by 241.4%. The solar collector 
showed 40.17% average storage efficiency. Bai et al. [55] built similar 
concept, assembling a heat pipe into an evacuated solar tube with PCM 
in it. The heat pipe condenser section was finned, and air flows along 
them. The system overall solar energy efficiency was 55% (when the 
solar radiation was 997 W/m2, average). Wu et al. [56] developed a 
PCM storage integrated into a solar collector with flat heat pipes too, 
where water served as HTF (see Table 4 for details). The PCM was 
within the solar panel part with embedded heat pipes (Fig. 17e and f). 
Unlike Diao et al. [40], Wu et al. [56] inserted both, the heat pipes and 
PCM in the solar panel, both solar collectors had same area, but the 
PCM was difference. When comparing these two studies in terms of 
power, since the concept is similar, Diao et al. [40] system provided 
1323,3W while Wu et al. [56] 740 W. Also, Wu et al. [57] built a solar 
collector with integrated PCM, but this time the flat heat pipes were 
replaced by oscillating heat pipes, proving its use as solar energy ap-
plication for domestic hot water (DHW). 
The research carried out by Wang et al. [58] and Modjinou et al.  
[59] studied the combination of a photovoltaic thermal (PV/T) solar 
panel with PCM. Wang et al. [58] compared their proposed system with 
a solar collector, a PV, a conventional PV/T, and a PV/T with heat 
pipes. Their system succeeded in terms of total efficiency (electrical and 
thermal) but just by almost 2%. Table 4 shows the details. Modjinou 
et al. [59] inserted macro-encapsulated PCM, and micro-channel heat 
pipes within the solar PV/T. Although both technologies were con-
sidered within this paper (heat pipes and PCM), they did not work 
coupled but were compared. Three PV/T panels were built: a conven-
tional PV/T, a PV/T with macro-encapsulated PCM, and a PV/T with 
micro-channel heat pipes. Their thermal (electrical) efficiencies were 
23.9% (7.88%), 28.76% (7.95%), and 27.7% (7.78%), respectively. 
4.1.3. Cooling in electronics 
Weng et al. [60] developed the same concept (Fig. 18a) as Abhat  
[13], a heat pipe heat exchanger with PCM (Fig. 18b), for electronics 
cooling purposes, and compared the use of two storing materials, tri-
cosane, and water, against system without TES material. Usually a 
computer microprocessor could produce 70-100 W thermal power and 
reach even 104 °C (at 95 °C the microprocessor integrity is at risk), 
when in mobiles 45 °C is limit that should be exceed. Comparing the use 
of tricosane against no PCM at all, tricosane reduced the fan energy 
demand by 46%, keeping the heater 12.3 °C lower. Same design and 
PCM but with the addition of Al2O3 was tested by Krishna et al. [61,62]. 
An air fan refrigerated the heat pipe condenser section. The PCM 
module automatically managed the heat transfer rate, regarding the 
PCM mass, fan voltage, and heater temperature. The heater could be an 
electronic device which needed to be cooled such as a processing unit. 
Both research managed to reduce the evaporator section temperature, 
and up to 53% of fan power consumption (Table 5). 
Similar set-up was used by Chougule and Sahu [63,64] (Fig. 18c). 
They tested several heat pipe working fluids, water and nanofluid 
(water with carbon nanotube), and also different energy storage ma-
terials; water (sensible range), paraffin, and paraffin with carbon na-
notubes (CNT). When comparing water and PCM as storing option, PCM 
stored more energy at each heat pipe configuration. The heat pipe 
charged with nanofluid enhanced the module performance, but when 
the carbon nanotubes concentration exceeded 2 wt.%, the performance 
decreased. Combining the PCM and CNT (2 wt.%) charged heat pipe, 
the system saved 66% of heating power, reducing the voltage and 
consumption of the refrigeration fan. For that reason, Chougule and 
Sahu [64] took 2 wt.% carbon nanotubes as heat pipe working fluid for 
their next study where they analysed paraffin with carbon nanotubes as 
PCM. Also, paraffin with carbon nanotubes as TES performed better 
than just paraffin, and the latter better than water (Table 5). Paraffin 
was also chosen by Zhuang et al. [65] who developed a similar design 
but the PCM container was a cylinder this time. Different paraffin filling 
ratio were studied, when 75% of the chamber was full of PCM, the 
temperature dropped by 9.31% compared to no PCM at all. As shown 
on the aforementioned documents, the cooling power was decreased 
Fig. 16. Naghavi et al. [49] solar evacuated tubes collector with heat pipes and latent TES. (a) Concept design, (b) evacuated tube with a heat pipe inserted. Adapted 
from [49]. 
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because of the PCM storage (see Table 8 for details), also temperature 
shocks were avoided, protecting the attached device. Wu et al. [66] 
used the PCM and heat pipe combination for cooling high-power LEDs, 
they compared the use of air, water and PCM as heat sink. PCM heat 
sink kept the high-power LEDs temperature below 75 °C (critical op-
eration temperature) longer than 100 min, when water reached 60 min 
and air heat sink hold for less than 30 min. 
The heat pipe with PCM for cooling electronic devices concept was 
scaled up by Yang et al. [67]. The heater (the electronic heated part) 
was located below a cooling block were 20 heat pipes (10 per side) were 
connected. The heat pipe condenser part was embedded into a PCM 
container (Fig. 18f). The thermal behaviour of a low melting point 
metal (E-BiInSn) and octadecanol as PCM was studied under different 
thermal inputs (from 200 to 1000W). The metal PCM could keep the 
cooling block below 100 °C between 1.4 and 2.4 times longer than 
octadecanol (Table 5). Li et al. [68] also chose a liquid-metal PCM as 
storing material, in couple with a flat heat pipe to refrigerate high 
power portable electronic devices. They compared the use of liquid- 
metal PCM, flat heat pipes, and the combination of both, to keep the 
surface temperature below 45 °C (temperature considered un-
comfortable for the user). The hybrid prototype proved its value to 
thermal manage high power portable electronics, since kept it lower 
than 45 °C for around 3600 seconds, the other options failed at 600 
seconds (just PCM) and at 1200 seconds (just flat heat pipes). 
Hybrid prototype was also used to refrigerate the electronics com-
ponents of a downhole well drill [69]. Keeping the electronic 
Fig. 17. Solar collectors with heat pipes and PCM into the evacuated tubes or panel. (a) Evacuated tubes concept [50], (b) Papadimitratos et al. [50] evacuated tube 
with PCM, (c) Feliński and Sekret [53] addition of a parabolic concentrator, (d) Li et al. [54] manufactured solar tube with heat pipes and erythritol. (e) Solar panel 
concept [56], (f) Wu et al. [56] solar panel with PCM and expanded graphite. Adapted from [50,53,54,56]. 
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equipment cooler than 125 °C for six working hours at 200 °C. Behi 
et al. [70] slightly changed the design by using water as refrigeration 
fluid at the heat pipe condenser section, but keeping the concept. All 
experiments were perfumed with the same PCM (Rubitherm RT42) and 
applying different heat input powers. Tso et al. [71] built a cooling unit 
consisting in an aluminium block with PCM, connected to a mobile 
battery and chip, which was the heat source. They checked the im-
provement due to the heat pipe by comparing it with a copper rod. They 
realised that the heat pipe, with an effective thermal conductivity of 
10.000 W/(m•K), and the copper rod (400 W/(m•K)), performed simi-
larly. Concluding that the heat pipe either malfunctioned or was not 
properly chosen. 
4.1.4. Electric batteries applications 
In 2013 Rao et al. [73] started coupling heat pipes with electric 
vehicle batteries to manage them thermally. In 2014, Rao et al. [74] 
took the oscillating heat pipe designed by Akachi [9] in the middle 
1990s to replace the cylindrical heat pipes of his previous design and 
finally in 2016 they coupled their design with a PCM storage [75,76]. 
The battery cell, and heating input, was experimentally simulated as an 
aluminium block, with the PCM inside (Fig. 19a). Different number of 
turns in the oscillating heat pipe were tested, heating powers (from 10 
to 80 W), and heat pipe orientations (see Table 6 for details). The 
heating power and the cold loop worked at the same time, making the 
PCM a “shock absorber” taking the extra heat that the refrigeration loop 
could not remove. It was observed that while the oscillation in the heat 
pipe worked and was stable the system kept the temperature. However, 
the PCM thermal conductivity and the heat pipe heat transfer ratio 
limited the heating power threshold which could be maintained. The 
number affected the start-up temperature of the heat pipe and the close 
loop oscillating heat pipe stability (less turns made it unstable). When 
comparing the results with previous research [77], they concluded that 
the addition of PCM made the system more efficient in cooling. The 
maximum temperature reached was higher if the module was hor-
izontal then when it was vertical at the same power. Gravity had a great 
influence backing the heat pipe flow. Then the system was slightly 
modified, the PCM was installed between a heating aluminium block 
and a water-cooled block (Fig. 19d), also expanded graphite was added 
to paraffin wax [78,79]. The inclination was again tested, resulting that 
when the angle was larger than 30º its influence was negligible. While 
charging, the average PCM temperature rose faster if expanded graphite 
was added to paraffin. Also, the discharging process took about half the 
time when expanded graphite was used (Table 6). This set-up kept 
being improved and tested with different heat pipe working fluids 
(water, ethanol and a self-rewetting fluid), heat loads, and filling ratios 
[79,80]. The working fluids were compared regarding their thermal 
resistance, concluding that for high heat flux applications, self-rewet-
ting fluid was better (Table 6 shows more details). Thermal efficiency 
increased as the heat power input did but it remained stable at high 
heat load. The oscillating heat pipe can hold larger heating power if the 
filling ratio was greater than 30% (from 40 to 80%). Their last research 
with oscillating heat pipes consisted in tested the use of a 3D-oscillating 
heat pipe (Fig. 19d) versus several 2D-oscillating heat pipes (Fig. 19e), 
within the same volume [81]. They concluded that the use of several 
layers of 2D-oscillating reduced the solidification time about 48% while 
the 3D-oscillating heat pipe 29%, in regards to the just paraffin case. 
From their previous research with cylindrical heat pipes [73] and their 
expertise with heat pipes and paraffin with expanded graphite, in 2017 
Fig. 18. Heat pipe with latent TES cooling device (a) concept [60], (b) Weng et al. set up [60], (c) Krishna et al. test rig [61], (d) Chougule and Sahu system [63], (e) 
Zhuang et al. cylindrical PCM container configuration [65], (f) Yang et al. cooling application design [67]. Adapted from [60,61,63–65,67,72]. 
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Rao et al. designed and manufactured a battery substitute (Fig. 19b)  
[82]. The PCM block hosted the battery cylindrical blocks as well as the 
heat pipes (the evaporator section); around the finned heat pipe con-
denser air flowed. They compared the use of PCM with and without 
heat pipes against the battery just refrigerated by air flow. The hybrid 
solution performed better, being able to control the maximum tem-
perature below 50 °C longer than the other options. The temperature 
difference between maximum and minimum temperature in the battery 
was reduced by 33.6% by adding PCM and 62.5% when heat pipes were 
included. So, temperature along the power battery was more uniform. 
Huang et al. [83] designed a similar battery pack, a PCM block hosted 
the cylindrical batteries, but the block was split in cell modules. Be-
tween the cell modules, flat heat pipes were placed. They compared 
three systems, just PCM, PCM with heat pipes and air cooled, and PCM 
with heat pipes and water cooled, (Table 7 shares the details). Same 
concept but now pouring the PCM into the cylinder inner part was 
developed by Gou et al. [84]. A comparison among, natural convection 
cooling, PCM internal cooling, and PCM and heat pipe cooling battery 
was made; being the latter, the one that showed the best results. 
In parallel, and from Rao [73] first research coupling heat pipes and 
PCM, Yamada et al. [85] developed a cooling system also for electric 
vehicles batteries. As Rao, they built simulated battery cells, and be-
tween them PCM with embedded heat pipes was placed (Fig. 20). They 
tested four systems: just battery cells, four batteries with PCM, four cells 
with heat pipe, and the batteries with PCM plus heat pipes. They 
achieved to keep the battery temperature below 100 °C for 30 minutes. 
The system could maintain the battery temperature below 50 °C.  
Table 7 shares more details about Yamada et al. [85] research. Wu et al.  
[86] and Zhang et al. [87] also designed a cooling device with PCM and 
heat pipes for electrical batteries. A block with a mixture of paraffin 
with expanded graphite, hosted the heat pipes evaporator section, and 
was in contact with the battery cell. The addition of expanded graphite 
had a significant effect on the device. 
4.1.5. Hybrid system for cooling in buildings 
In 2000, Turnpenny, Etheridge and Reay [88,89] designed, devel-
oped, and tested, numerically and experimentally, a ventilation system 
to reduce energy consumption for space cooling in buildings. The 
system used the night-time for freezing the PCM, then the hot day-time 
air was forced to flow through the storing device to cool it. In this 
Fig. 19. Rao design along their research, (a) battery with latent TES system and oscillating heat pipes, (b) power battery embedded into a PCM block with finned heat 
pipes, (c) modification of design (a) to host the TES in between heating and cooling section, (d) 3D-oscillating heat pipe design, (e) four layers of 2D-oscillating heat 
pipe. Adapted from Rao et al. [75,76,78–82]. 
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Table 7 
Electric vehicles batteries cooling systems with heat pipes and PCM.                       
Year PCM Tmelting [ºC] Outcomes Ref  
2015 Paraffin Rubitherm 
RT50 
46-50 Surface battery temperature [ºC] by cooling configuration [85] 
Time [min] Just battery PCM Heat pipes PCM + heat pipes 
0 25.7 26.5 26.2 25.8 
1 58.9 50.5 51.4 44.3 
2 88.2 65.4 66.2 53.4 
4 131.4 91.2 82.9 60.7 
5 143.9 100.6 88.8 63.9 
15 - 124.8 132.2 85.5 
25 - 141.5 135.4 96.1 
60 - - 147.2 118.8 
The thermal runaway of the mimic battery was extended from 104 seconds to 708 seconds by adding a cooling device based on PCM and heat pipes. 
2018 Paraffin 50 Cooling system System temperature [ºC] along time [83] 
5000 s 10000 s 15000 s 20000 s 25000 s 
PCM 14.5 52.4 63.2 71.4 78.3 
PCM/heat pipe-air 46.1 47.9 51.6 52.1 52.8 
PCM/heat pipe-water 46.3 47.7 48 48.1 47.9 
Flat heat pipes with 10.000 W/(m•K) thermal conductivity were installed between battery cells. 
2017 Paraffin 42 The highest temperature of the battery block could be controlled below 50 °C. [86] 
2019 Paraffin 41-43 Just the hybrid cooling device Combined with a thermoelectric cooling [87] 
Maximum temperature [ºC] Maximum temperature [ºC] 
Expanded 
graphite [%] 
Heating power [W] Expanded graphite 
[%] 
Heating power [W] 
22.7 37.6 56.1 80.7 37.6 80.7 
0 53 60.6 61 60 15 52 52.3 
5 46.5 - - - 
10 - 52.7 52.2 56.3 20 45.6 46.3 
20 - 48.8 47.3 52.4 
When the additional thermoelectric cooling device was also used, an increase in the heating power did not have much effect on the battery temperature. 
2019 Paraffin 31.5 Natural convection, PCM, and PCM with heat pipe as battery cooling systems were compared. Their peaks temperatures were, 45.7 
°C, 35.5 °C, and 31.5 °C, respectively. 
[84]    
Fig. 20. Yamada et al. vehicle electric battery mimic with PCM with heat pipes cooling system. Adapted from [85].  
Table 8 
Hybrid system for cooling in buildings.       
Year PCM Tmelting [ºC] Outcomes Ref  
2000 Na2SO4.10H2O + borax nucleating agents 
(1.5%) 
21 The system achieved 40 W heat transfer rate along 19 hours. The numerical simulations showed 
that by adding fins to the heat pipe would reduce the melting/freezing time up to 7-10 hours. 
[88] 
2001 The previous numerical results were used to design the prototype, reaching 200 W heat transfer 
rate. The prototype was compared against a conventional air conditioning, and the cost savings 
were from 100 to 1050£ regarding the production and 30£ per year in terms of operation. 
[89] 
2006 Hydrated Glauberis salt + Borax 21 The system proved its worth to reduce or even eliminate the use of conventional air conditioning. 
As the above studies, the prototype used the night time to freeze the PCM and then release the 
stored cold into the room. 
[90]    
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system, the heat pipes were embedded in the PCM and the air moved 
along them. The heat pipes condenser and the evaporator sections re-
versed regarding if the PCM was being charged or discharged. The 
system provided cost and energy savings in comparison with conven-
tional cooling systems such as cooled beams under UK summer condi-
tions. Later, Etheridge and Reay [90] kept going forwards into the 
prototype to develop a hybrid heat pipe and PCM cooling system for air 
conditioning in buildings. Table 8 gives more details about this re-
search. 
4.2. Applications at medium temperatures 
Just two documents carried out their experimental research at 
medium temperatures (from 150 °C to 400 °C), both developed by Liu 
et al. [91,92]. They designed a gravity-assisted wickless heat pipe 
thermal storage. The storage unit itself was the heat pipe, since the 
granular PCM was into the heat pipe, the electric heating device was the 
evaporator, and the cooling unit the condenser section of the heat pipe; 
as shown in Fig. 21. The heat pipe had no wick and it was made of 
stainless steel, then hosted into a vacuum glass tube and wrapped by an 
insulation layer. The working fluid (water first and then naphthalene) 
was evaporated at the bottom by a heating rod, flowing upwards along 
the PCM. Then, at the top, it condensed in the cooling unit and went 
back down by gravity. As thermal storage material they tested a com-
posite granular solid-liquid PCM mixture of RT100 and high density 
polyethylene (HDPE), and a mixture of metal salt and bentonite. The 
Fig. 21. Liu et al. [91,92] (a) test rig scheme, (b) prototype. Adapted from [91,92].  
Table 9 
Liu et al. research of a thermal latent storage heat pipe type at medium temperature.              
Year PCM Tmelting [ºC] Outcomes Ref  
2015 RT100 High-density polyethylene 
102 
142 Temperature inside the unit [ºC] at different heating power inputs [96,97] 
RT100 + polyethylene Sodium nitrate with potassium nitrate, and bentotite 
Time [min] 300 W 400 W Time [min] 300 W Time [min] 600 W 900 W 
0 23.1 20.25 0 7.4 0 7.1 7.7 
5 46.9 49.5 10 7.4 5 8.3 8.9 
10 55.4 58.8 20 10.8 10 11.9 157.4 
Sodium nitrate and Potassium 
nitrate, and bentotite 
206-247 15 63.8 70.5 30 156 15 156.7 185.7 
20 72.6 77.6 40 172.4 20 179.1 221 
30 84.7 93 50 201.7 25 203.8 243.4 
35 90.3 99.4 60 223.9 30 227.4 - 
40 93.945 108.7 70 237.9 35 241.6 - 
50 107.5 - 80 - 40 251 - 
The experimental results showed the potential of this technology for medium temperature applications. Higher heat input made the system to melt faster, as expected. 
However, it was also an indicator of the good thermal conductivity performance.    
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melting temperature of the two first tested PCM was 100 °C, and the 
mixture melted from 200 °C to 250 °C. The composite granular PCM 
was made by mixing three parts of RT100 per one part of polyethylene, 
3:1 in mass ratio. The authors managed to build and test the viability of 
a heat pipe TES unit at medium temperature with potential for solar 
applications. The whole system worked almost isothermally, and the 
low thermal conductivity of PCM was not longer a limitation (Table 9). 
4.3. Applications at high temperatures 
Qiu et al. [93,94] took Tiari et al. [20] design for a cylindrical heat 
exchanger with PCM and heat pipes described in Section 4.1.1 
(Fig. 10c), to develop a high temperature (above 400 °C) latent TES. 
Tiari et al. device incorporated two heat pipes lines, a primary one and 
several secondary heat pipes (Fig. 31a). The new system had as goal to 
be coupled with a 3 kW free-piston Stirling convertor (Fig. 22a). The 
PCM used was a eutectic mixture, NaF (mole 34%)-NaCl (mole 66%), 
which melted at 680 °C. The system was tested at vertical and hor-
izontal positions, performing better the latter one. The storage supplied 
5.7 thermal kW at 800 °C. The engine was able to supply 1 kW from the 
energy storage (Table 10). 
Oshman et al. [95–97] designed, modelled, and experimentally 
tested a high temperature thermosiphon to connect the latent TES 
(Fig. 22b and c) and the power block of solar power plant. The 
Fig. 22. Experimental test rigs at high temperature. (a) Qiu et al. [94,98] latent TES with heat pipes in couple with a Stirling engine. Oshman et al. [95–97] set up, (b) 
concept design, (c) prototype. 
Table 10 
Research carried out at high temperatures.       
Year PCM Tmelting [ºC] Outcomes Ref  
2017 NaF-NaCl 680 A novel hybrid system at high temperature, based on previous design at low temperatures, was built. Its feasibility was 
successfully tested. This technology had potential to work in couple with concentrated solar power plants. The latent 
TES with heat pipes was experimentally assessed in vertical and horizontal position. The device supplied 2.8 thermal 
kW at 750 °C when vertical. At horizontal position the system provided 5.7 thermal kW at 800ºC. 
[94,98] 
2017-2018 Aluminium-silicon 577 A hybrid solution to transfer heat from a latent TES towards a power block was developed. The system included a 
thermosiphon connecting both parts, which could work as control thermal valve. Also, within the storage block there 
were heat pipes embedded. The thermosiphon valve provided a heat flux of 26900 W/m2 and its effective conductivity 
was 316 W/(m•K). The higher heat losses between interfaces were found across the power block, from 525 to 560 °C. 
[95–97]    
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thermosiphon had a valve to control or shut down the working fluid 
(sodium) return. Firstly, the thermosiphon was tested at lab scale 
showing a heat flux of 26900 W/m2. The effective conductivity of the 
device was 316 W/(m•K). Later, the thermosiphon was tested in couple 
with a latent TES, proving its feasibility. It has to be pointed out that the 
thermal storage system had heat pipes embedded too. However, the 
thermal efficiency was lower than expected, but the authors considered 
that scaling up the prototype would solve that issue. The PCM used was 
aluminium-silicon eutectic mixture. 
5. Hybrid systems numerical models 
When going deeper into the modelling done about heat pipes and 
PCM, three different main methodologies came up. The first option 
considered the heat pipe as a highly thermal conductive solid. In the 
second, the model was based on the simplified thermal resistance net-
work model. The third methodology described the heat pipe in detail, 
applying the continuity, momentum and energy equation to the fluid 
inside the heat pipe. Therefore, this section is divided regarding how 
the authors modelled the heat pipes. 
5.1. Heat pipes as high thermal conduction element 
This assumption to simplify the heat pipe was suggested used by 
Faghri [9], there were three different methods to do it: assigning a 
constant high conductivity to the heat pipe, simulating the heat pipe as 
a constant heat flux input, and considering a constant temperature 
along the het pipe outer wall. It has to be pointed out that the other 
elements apart from the heat pipe were modelled either following an 
approach called layered thermal resistance (LTR) or by applying the 
fluid dynamics equations as in heat pipe modelled by using CFD  
Section 5.3. Hence, the three different heat pipe modelling ways have as 
goal to set the boundary conditions, which are used later within the 
latent heat TES model. Out of those three the simplest are to consider a 
constant outer heat pipe wall temperature or a constant heat flux input, 
because the heat pipe becomes directly a boundary condition for the 
PCM model. Giving the heat pipe a constant high conductivity includes 
the heat pipe within the model, since the heat pipe still is considered as 
a heat transfer device, having a heat input and output. 
5.1.1. Heat pipes are modelled as a solid with high thermal conductivity 
Dealing with heat pipes as high thermal conductive solid was first 
used by Faghri [9], who described the heat pipes as a device which 
thermal conductivity is 90 times greater than a same size copper rod. 
Eight studies followed this approximation, assigning to the heat pipe a 
constant thermal conductivity value [42,43,99–104]. Table 11 shows 
every study which considers just the heat pipe conductivity, also the 
PCM properties. 
This method simplified the heat pipe energy equation, which for a 
2D situation was Eq. 1 [100]. Thus, despite the fact that it was a hybrid 
device, the model was actually a PCM physical model. 









being cp, the specific heat [J/(kg•K)]; ρ, the density [kg/m3]; τ, the time 
[s]; T, the temperature; and k the thermal conductivity [W/(m•K)]. 
In Diao et al. [42,43] research keff is given by Fourier heat con-
duction equation Eq. 2: 
=k Q L A T. ( /( . ))eff eff (2) 
being Q, the heat flux [W/m2]; L, the heat pipe length [m]; and A, the 
area [m2]. 
Tiari et al. [100] developed a transient two-dimensional high tem-
perature squared PCM tank (Fig. 23a), and later a transient three-di-
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the heat pipe heat inlet was at the bottom tank surface (just charging 
process was analysed), and nickel fins were attached to the condenser 
section. Both models studied the influence of the heat pipe number, and 
effect of the natural convection. Adding more heat pipes increased the 
melting rate and lowered the bottom wall temperature, making the 
container stronger against overheating. Natural convection had the 
same effect as adding more heat pipes, decreasing the charging time, 
but natural convection also made the temperature distribution within 
the PCM more uniform. The 2D model also checked different fin length, 
and their number, that also helped to lower the base temperature and to 
decrease temperature difference in the PCM, and the number of at-
tached fins. The 3D model allowed to test different heat pipes place-
ments, showing that the optimal distribution could enhance the thermal 
performance. More recently, Tiari et al. [102] employed their 2D model 
to test the use of nanoparticles dispersed within the PCM as thermal 
conductivity enhancement method. They compared copper oxide and 
aluminium oxide nanoparticles at different nanoparticles volume frac-
tion (0%, 5% and 10%). Concluding that as the volume fraction in-
creased the faster the charging process was. Also, aluminium oxide 
nanoparticles reduced the charging time. A similar study was per-
formed by Mahdavi et al. [103] in which nanoparticles (CuO and 
Al2O3) were dispersed within the PCM. Unlike the previous article, in 
this one the heat input came from a hot HTF which flowed through a 
pipe where heat pipes were attached. Same conclusions as in their 
foregoing work were achieved. 
Diao et al. [42,43] modelled their LHTES with flat miniature heat 
pipe arrays (see section Solar applications at low temperatures 4.1.2) as 
well, basing the simulation of heat pipes as in the previously mentioned 
Tiari et al. studies [100,101]. However, the heat pipes thermal con-
ductivity was based on their previous experimental studies. Along the 
first study (Fig. 15a), in which water was the HTF [42], the heat pipe 
effective conductivity was 30381 W/(m•K) according to their experi-
mental studies [36] and using Fourier heat conduction equation Eq. 2. 
The effect of the fin size and their spacing was studied. The results 
showed that if fin spacing was larger than 6 mm the PCM melted from 
top to bottom, and the other way around if it was lesser than 6 mm. 
Also, if fin space was narrower than 4.14 mm the charging power ba-
sically did not improve any longer. The other numerical study per-
formed by Diao et al. [43] simulated a similar device but with air as 
HTF, which was previously experimentally tested [34]. In this simula-
tion the influence of the HTF inlet temperature and flow rate was 
analysed. The inlet temperature could vary the system efficiency from 
Fig. 23. Tiari et al. (a) 2D square latent TES [100,102], (b) 3D cylindrical latent TES [101], both with vertical finned heat pipes.  
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74.55% to 88.47%, and the flow rate from 78.34% up to 88.47%. The 
heat pipes were modelled as before, but the experimental data de-
termined their thermal conductivity to 9250 W/(m•K). 
Ebrahimi et al. [104] also used Tiari et al. [100,101] numerical 
work as reference using the same approximation for their heat pipes 
model. Ebrahimi et al. [104] designed a single heat pipe as the cy-
lindrical shell of the tank, reducing the melting time by 91% in com-
parison with a simple shell. Additionally, the effect of the number of 
HTF tubes was analysed; when this number was double and tripled the 
melting time was reduced by 13.2% and 19.4%, respectively. Kumaresh  
[99] also modelled the heat pipe as a rod which thermal conductivity 
was 30769 W/(m•K), for heat removal in mobile phones. They devel-
oped a case with PCM with nanoparticles and several fin configurations. 
The PCM mainly worked as a “shock absorber”, taking the heat that the 
refrigeration system could not remove, which would be dissipated when 
the phone was not being used. 
5.1.2. Heat pipes are modelled as a heat flux input 
There were six studies in which despite the fact that they followed 
the same assumption as Faghri [9], the heat pipes were highly con-
ductive elements, they were considered as constant heat flux supplier 
(Table 12). Tiari et al. [105] used the same design they modelled before 
(Fig. 23a) but this time they studied the discharging process. For doing 
so, the heat pipe removed a constant heat flux from the PCM, 40 W per 
second in this case. They investigated the same comparisons as in Tiari 
et al. [100]; the effect of natural convection, heat pipe spacing, and fin 
size. The difference was that the discharging process was mainly driven 
by conduction. Therefore, natural convection was not such influential 
as it was when charging. 
Costa et al. [106] used this approximation as well, for modelling a 
latent heat TES tank with different fin geometries. In this case, each 
heat pipe supplied 100 W (40 heat pipes are attached to the system). 
They compared the use of steel, aluminium fins, and aluminium per-
forated fins. As expected, aluminium option was better than steel one 
(Table 12 shares the details). 
A PCM canister with heat pipes receiver for space applications was 
modelled by Gui et al. [107–110], considering the heat pipes as a 
constant heat flux supplier, which wall temperature was uniform. The 
device was divided in two main parts the heat receiver and the TES part 
(Fig. 24). They performed a two-dimensional canister, axial and radial, 
model. The influence of void ratio on the PCM was analysed. They 
compared their numerical result against NASA simulation data 
[108,110] and the experimental data from NAL in Japan [109]. Con-
cluding that, since the void cavity thermal resistance was so much 
higher than the PCM canister, the heat transfer was hampered between 
them. Thus, if void cavity existed the PCM latent heat could not be fully 
charged during sunlight time, either the PCM could not totally release 
the heat along eclipse periods. 
5.1.3. Heat pipes are modelled as a wall with constant temperature 
Pan et al. [111] developed a cylindrical coordinate model by 
layered thermal resistance method (LTR) (Fig. 25a). The design in-
cluded finned heat pipes. However, the heat pipe in particular was a 
high conductive solid which external wall temperature was assumed 
constant, and its other boundaries with no heat fluxes (Table 13). The 
model was used to optimize the finned heat pipe dimensions under 
minimizing the cost condition. The results showed that the thinner the 
fins were the cheaper the system was. Also, if the fins were thicker than 
2 mm, it was better to use more than heat pipes than welding fins. 
Taking into account that the heat pipe cost was the same as attaching 
the fins. This model was later implemented in a PCM cooling unit  
[112], concluding the same as before in terms of cost. 
Lohrasbi et al. [113,114] designed a finned heat pipe inserted in a 
cylindrical latent heat TES system (Fig. 25b). As the previous studies 
the heat pipe was a high thermal conductivity element with a constant 
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discharging respectively), thus the liquid-vapour phase change during 
the heat pipe simulation was not considered. Four configurations were 
modelled: a heat pipe assisted LHTES tank with no fins, with radial fins, 
with longitudinal fins, and with a V-shaped fin. Being the V-shaped fin 
the best option, increasing the discharging ratio by 4.214 times 
(Table 13) about the no fin configuration. If the angle of the V-shaped 
fin was optimized, the increase aforesaid rose up to 4.28 times. Also, the 
fin size (thickness and length) and the use of nanoparticles within the 
PCM were also analysed. Regarding fin sizing, as they grew thicker and 
longer the discharging rate improved but also the energy storage ca-
pacity was lowered. Although thicker fins improved the heat transfer, it 
did not compensate the energy storage capacity lost, so they were kept 
as thin as possible. In regard with fin length, a trade-off had to be 
achieved between both thermal characteristics. The addition of 2.5% 
and 5.0% volume copper nanoparticles increased the discharging rate 
by 1.099 and 1.208 times, respectively. 
Ren et al. [115] also assumed a constant temperature for the heat 
pipe to simulate a PCM (Li2CO3-K2CO3 mole ratio 62/38) squared tank 
enhanced with nanoparticles and metal foam. Different nanoparticles 
volume fraction, metal foam porosity and pore size, and heat pipe ra-
dius were analysed. Roughly speaking, if the heat enhancement tech-
nique was larger (more nanoparticles, lower foam porosity and pore 
size, and larger heat pipe radius) the melting process was faster, as 
expected. However, the energy storage capacity was lower; so a trade- 
off between these parameters had to be reached. Among the several 
studied cases in the paper, an optimum combination could be achieved 
to get the best energy storage efficiency. It had to be pointed out that 
when keeping the same PCM volume, metal foam gave better results 
Fig. 24. Latent TES canister with heat pipe receiver design for solar spacecraft purposes [108–110].  
Fig. 25. (a) Pan et al. hybrid concept for batteries [111,112]. (b) Lohrasbi et al. latent TES tank model with different fin geometries [113,114].  
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than nanoparticles. Later Ren [116] modified his previous model by 
replacing the circular heat pipe by a sinusoidal heat pipe (the heat pipe 
temperature was constant too). The sinusoidal heat pipe accelerated the 
PCM melting even though the heat pipe wall temperature was con-
sidered 10 °C lower than the circular one. 
5.2. Heat pipe modelled by using the simplified thermal resistance network 
model 
This sections presents the scientific contributions that used a sim-
plified thermal resistance network model to investigate a hybrid TES 
with heat pipe [26,117–131]. This concept represents the thermal 
transfer as a thermal circuit (Fig. 26b), an analogy of an electrical 
circuit (Fig. 26a). The thermal circuit is solved with the electrical 
equations (Fig. 26b), but using their thermal equals (Fig. 26d). Each 
element of the thermal circuit is like an electrical resistor (Fig. 26d), 
and the heat transfer is the electric current. Fig. 26e shows an example 
of a heat pipe modelled by this method [122]. 
Shabgard et al. [26] developed a thermal network model to analyse 
the transient behaviour of a LHTES system with embedded heat pipes. 
They designed two different modules; the first one, four heat pipes were 
attached to a tube through which the HTF flows, and PCM was around 
the pipe (Fig. 27a and c). The second design swapped the HTF and the 
PCM (Fig. 27b and c). The assumptions made for the lumped model 
followed a previous Faghri et al. study [132]. The thermal network was 
made of coupled thermal elements, every element included both the 
thermal resistance and capacitance (Fig. 27d). The study assessed the 
effect of the heat pipes orientation and the number of heat pipes by 
evaluating the heat pipe effectiveness. Inserting more heat pipes 
speeded up the charging and discharging rates, for either arrangement. 
When module 1, heat pipe orientation barely affected the thermal be-
haviour of the system. However, module 2 was highly affected, for 
instance, two vertical heat pipes performed better that two horizontal 
heat pipes plus a vertical one (Table 15 shares more details about their 
research). Shabgard et al. [127] performed a model following the same 
method from previous research [26], with gravity assisted heat pipes 
(Fig. 28). The study compared three different PCM materials (Table 14). 
Additionally, the coupling of three modules, each one with each PCM, 
as a cascaded latent heat TES system was analysed. An exergy analyse 
was performed, concluding that for solar power working temperatures 
(from 280 °C to 390 °C), the best exergy efficiency was given by the 
LHTES system with the lowest melting temperature. However, the la-
tent heat TES cascade arrangement recovered around 10% more exergy 
than the best non-cascaded LHTES system during a 24 hours charging- 
discharging cycle. 
Nithyanandam and Pitchumani [124–126] followed Shabgard et al. 
model [26], developing in 2010 a transient heat pipe in couple with a 
LHTES model by the simplified resistance network method. The same 
two configurations were used. Later, this model but varying the heat 
pipes number and distribution was used several times by the authors 
[119,121,128–131]. The heat pipes effectiveness while charging and 
discharging processes was studied, as well as the energy store. In both 
configurations, increasing the HTF mass flow rate, the tube radius and 
the module length, reduced heat pipes effectiveness. Regarding heat 
pipe parameters, lengthening condenser and evaporator sections, and 
enlarging inner heat pipe radius improved heat pipe effectiveness. After 
the parametric study, an optimum design for both modules were de-
veloped, showing that heat pipes effectiveness was higher for module 1, 
but the effective charging and discharging PCM rates were better for 
optimal configuration 2. Regardless the HTF mass flow was, the energy 
transfer rate during PCM phase changes were higher for module 2  
[125]. 
Then a parametric analysis was performed comparing both modules 
with no heat pipes, two vertical heat pipes or two horizontal ones  
[124]. Horizontal heat pipes showed the better effectiveness at both 



























































   
   
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































J.M. Maldonado, et al.   Journal of Energy Storage 32 (2020) 101733
28
2 had higher melting fractions. The heat pipe performance was highly 
influenced by natural convection, and thermal stratification appeared 
in module 2. Module 2 with two horizontal heat pipes embedded was 
analysed deeper [126], aiming to test the effect of several cycle 
(charging and discharging) ratios on a cyclic LHTES operation mode. 
Finding that equal charging and discharging time periods made a more 
efficient latent heat TES performance. Later, the authors used the same 
model to evaluate the use of three or four heat pipes at different angles 
(Fig. 27e) [129]. As expected, four heat pipe configurations provided 
higher effectiveness. However, regarding power density per heat pipe 
unit, the best combination was module 2 with two vertical heat pipes. 
In general, module 1 presented substantially better effectiveness results 
at every heat pipe arrangement, and higher energy storage capacity. 
Nonetheless, module 2 showed higher melting fraction. Same study was 
performed but using thermosiphons instead of heat pipes [128]. Ad-
ditionally, a new arrangement was included Fig. 27e heat pipe ar-
rangement 4-X shaped. The results revealed thermosiphons inefficiency 
when the evaporator section was above the condenser; making ther-
mosiphons no better than common fins, if the heat transfer direction 
was same as gravity. Also, the model served to parametrically check the 
use of metal foams within the PCM to enhance the heat transfer 
[119,121]. In this case just module 2 was studied. Due to the metal 
foam, the effective heat transfer surface increases, improving the dis-
charging rate. The results showed that increasing the foam pore density, 
reduced the heat transfer rate; due to the hampering of convection 
currents because of the buoyancy. More details about the results from 
this design studied, can be found in Table 15. 
The same technique was used to model a latent TES with embedded 
heat pipes, although the geometry was different from the above men-
tioned research, but following one of Shabgard concepts too [127] 
(Fig. 28). The storage design factors were studied, so it could be at-
tached to a 200 MWe concentrated solar power plant, being the TES 
levelized cost of electricity less than 6 cents per kWh, and the total 
storage cost less than 87.95 million USD [130,131]. The hybrid latent 
TES was compared against an encapsulated PCM TES system. Among 
other results, they concluded that the maximum cost of the heat pipes to 
satisfy their goals was 4 USD/unit heat pipe. 
Nithyanandam and Pitchumani module 2 [125] was also developed 
following the lumped resistance network method by Yang et al. [122] to 
check the effect of flow conditions, the heat pipe condenser length and 
two heat transfer fluids (Therminol/VP-1 and air). Charging process 
was 10 times faster if the HTF flow was turbulent; also, Therminol/VP-1 
reduced the charging time. Charging time was not significantly affected 
by larger heat pipe condenser section. 
Shabgard et al. [26] module 1 was improved and numerically tested 
by Almsater et al. [120]. They attached fins to the heat pipes, in the 
condenser section what was in contact with the PCM. This time, they 
fixed a charging and discharging time (3 hours) and analysed the en-
ergy stored by then, instead of fully charging and discharging time. The 
finned heat pipe double the energy stored after 3 hours, and the dis-
charging was improved by 79%, when comparing with bare heat pipes. 
Jung and Boo [118] designed and modelled a latent heat TES system 
with embedded finned heat pipes. The heat pipes evaporator section 
was in contact with the charging hot HTF and a cold HTF flows along 
Fig. 26. Thermal resistance network model concept. (a) Electric circuit, (b) electric circuit equations, (c) thermal circuit, (d) thermal circuit equations, (e) heat pipe 
thermal circuit [122]. 
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the heat pipes condenser part. The model based on Shabgard et al. [26] 
for developing the thermal resistance network. However, they ne-
glected the heat pipe internal thermal resistance due to heat pipes work 
at almost isothermal way [133]; so the paper mainly modelled, a 
LHTES. The fin pitch was studied as design parameter, concluding that 
as the fin pitch increased, its effect in the system performance became 
minimal. The models showed a mismatch of 8% when compared against 
the experimental data [14]. A new solar collector concept with a PCM 
storage, both connected by six heat pipes, was designed by Bilardo et al.  
[123]. The prototype was modelled following an electrical analogy and 
manufactured, so the model could be experimentally validated. 
Chang et al. [117] used the lumped-heat-capacity method to model 
their previous design [134] (explained within the next section Heat 
pipe modelled by using CFD 5.3). The study compared three heat pipes 
configurations: a heat pipe with a hollow cylinder in the vapour 
channel, a heat pipe with a PCM encapsulated in a cylinder, and a heat 
pipe with six small PCM cylinders arranged around the vapour core 
(Fig. 29). They included the heat pipe wick and wall, considering also 
the liquid in the grooves. However, the heat transfer driver thorough 
the wick and working fluid was just conduction, because the speed flow 
was very low and the liquid thermal conductivity very high. It was 
concluded that PCM was an effective way to absorb the pulsed heat 
loads when operating the heat pipe. The most efficient configuration 
was the six small PCM cylinders arrangement. 
5.3. Heat pipe modelled by using CFD 
The research described in this section comprises scientific con-
tributions which have used the descriptive equations for the heat pipe 
and the PCM [21,22,117,134–141]. Those fluid dynamics equations, 
when discretized, allow to perform a detailed model of the system. 
However, they require high computational cost to run the simulations 
(Table 16). 
Chang et al. [117,134] were the first to model and discretize the 
fluid dynamics equations of a hybrid systems with PCM and heat pipes. 
Heat pipe wick and wall, and the liquid within the grooves were con-
sidered. Just conduction was assumed to be the only heat transfer 
driver through the wick and working fluid; since the liquid thermal 
conductivity was very high, and the speed flow was very low. Three 
configurations were compared: a heat pipe with a hollow cylinder in the 
Fig. 27. Latent TES design modelled by thermal resistance network method. (a) Module 1, the PCM is around the pipe through where the HTF flows [129], (b) 
module 2, the PCM is encapsulated in tubes, and the HFT flows around them [129], (c) modules 1 and 2 scheme [125], (c) design thermal resistance network [125], 
(e) different heat pipes arrangement [128,129]. Adapted from [125,128,129]. 
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vapour channel, a heat pipe with a PCM encapsulated in a cylinder, and 
a heat pipe with six small PCM cylinders attached around the vapour 
core (Fig. 29). It was concluded that the PCM was like a capacitor, 
absorbing the pulsed heat loads when the heat pipe was working. 
Sharifi et al. [137] developed a numerical model of a hybrid design, 
which geometry corresponded to a cylindrical PCM container 
(Fig. 30a). The simulations compared a heat pipe against a solid rod or 
a hollow tube as heat input, also the difference between heating coming 
from below or from above was analysed. The heat pipe working fluid 
was potassium and the wick and wall were made of stainless steel, as 
the rod and the tube. The flow inside the heat pipe was a two-dimen-
sional laminar compressible flow, being the potassium vapour con-
sidered as an ideal gas. The vapour was saturated at the wick surface 
and the wick was fully saturated. The liquid flow in the porous wick 
was neglected [142]. Also, the wick was able to provide enough ca-
pillary force to drive the liquid through the wick itself. Regarding the 
Fig. 28. Shabgard et al. [127] latent TES with gravity assisted heat pipes design. (a) Concept, (b) thermal resistance network.  
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PCM model, molten PCM was Boussinesq fluid, natural convection was 
a two-dimensional laminar incompressible flow. PCM density did not 
change with its phase. The results showed that the heat pipe was the 
best enhancement in comparison with either the rod or tube. When 
comparing an up to bottom heat income against bottom up, the rod and 
tube poorly performed if heat input was coming from above. The study 
inferred that the melting rate was governed by conduction in the heat 
pipe wall, rod and tube; condensation, vaporization and compressible 
flow of the heat pipe working fluid; and natural convection within the 
molten PCM. Later they added foils to their design [17] (Fig. 30b), 
improving the phase change rate by adding 1.21% foil volume. Sharifi 
et al. [140] continued their previous model with some modifications. 
This time the PCM was attached to the adiabatic section of the heat pipe 
(Fig. 30c), also the working fluid was sodium instead of potassium. 
Three working modes were tested, charging only, just discharging, and 
charging and discharging at the same time. The results showed that a 
larger PCM enclosure (keeping the same PCM mass) decreased the 
average heat pipe temperature at the bottom wall. Additionally, due to 
a larger heat transfer surface and narrower conduction length (the PCM 
container radius was smaller) melting was improved when simulta-
neous operation mode. 
A similar model to Sharifi et al. [140] was developed by Song et al.  
[135], the same geometry was considered and same model assump-
tions. However, as it was an energy storage system for a space station 
application, there was no gravity and so heat convection was not con-
sidered, just conduction was the heat transfer driver. Based on an ex-
ergy efficiency analysis the system was optimized with a genetic algo-
rithm, by modifying the different heat pipe sections length. The exergy 
efficiency achieved its maximum when the evaporator, adiabatic and 
condenser length were 0.36, 0.41 and 0.43 m, respectively. 
Shabgard et al. [138] developed a numerical model of a latent heat 
TES assisted by heat pipes coupled with a dish/Stirling solar receiver. 
The two-dimensional model included two heat pipes, one was the heat 
input and the other the one was the output. The concept modelled 
within this study was later used to economically modelling the system 
levelized cost of energy, simplified though [143]. Shabgard et al. 
[140,144] followed the same assumptions as the aforementioned study. 
However, they included the liquid flow through the wick. The system 
transferred the solar irradiation to a Stirling engine. As the unit had 
separated input and output heat channels, three scenarios were simu-
lated: charging only, discharging only, and both simultaneously. The 
system worked as a capacitor, absorbing the excess heat input and 
smoothing the Stirling heat input. The space between heat pipes was 
identified as a key parameter, providing better stability in the heat 
supplied to the engine if reduced. However, it has to be pointed out that 
lesser heat pipe spacing means more heat pipes, instead of a smaller 
unit. 
Mahdavi et al. [21,22,139] also developed a two-dimensional ax-
isymmetric model for a device which transfer solar irradiation towards 
a Stirling engine. The system included a complex heat pipe network, 
where there was a primary heat pipe and a secondary heat pipe array 
(Fig. 31a). The main heat pipe was the thermal energy carrier from 
solar power to the engine; the secondary heat pipe network charged the 
PCM with the heat excess. Sodium vapour flow within the heat pipe 
chamber, heat conduction in the heat pipe wall and wick were mod-
elled. The wick-vapour interface temperature followed Clausius-Cla-
pyron equation (Eq. 3) [145]. Usually, the boundary conditions at the 
condenser define a uniform mass flux, meaning a uniform heat removal 
at the condenser wall. However, this design implied that some vapour 
goes towards the secondary heat pipe network, discarding the latter 
assumption. Thus, porous layer was attached to the condenser wall and 
continuity and momentum equations were solved in this situation but 
not the energy equation (Fig. 31b). Five different locations and sec-
ondary heat pipe number in the network were studied (Fig. 31c). The 
results showed that the secondary heat pipe temperature was higher if it 
was placed away from the primary one [139]. Also, the effect due to 
Table 14 
Latent TES with heat pipes modelling, modelled with the thermal resistance network method.               
Year PCM Tmelting [°C] Main conclusions Ref  
1991 Lithium hydride 683 A heat pipe with encapsulated PCM cylinder in the evaporator was modelled. The transient behaviour of the system 
was modelled by a lumped-heat-capacity method. One heat pipe included a hollow inner tube in the evaporator 
section, the second had a tube filled with PCM, and the last one had six PCM tube. The six tube geometry performed 
better, and they solidified faster. 
[117] 
2012 NaOH•NaCL (73.3/26.7 
wt.%) 
370 A latent TES with embedded gravity assisted heat pipes was modelled by thermal resistance network method. The 















318 Time [h] 4 8 4 8 4 8 4 8 
Energy stored 
[GJ] 
8 10 9.5 13 14.5 19 12.5 16 
2014 - 503 A latent TES with embedded gravity assisted heat pipes was modelled by thermal resistance network method. The 
storage tank was dimensioned to match a 200 MWe concentrated solar power plant. The unit was optimized so the 
TES levelized cost of electricity less than 6 cents per kWh, and the total storage cost less than 87.95 million USD. The 
results provided guidelines for designing latent TES for CSP plants. 
[130,131] 
2014 KNO3 335 A latent TES tank with finned heat pipes was modelled by using a thermal resistance network. The tank was 
considered for a concentrated solar power plant. Reducing the number of circular fins, by rising the pitch from 4 to 
16 mm, increased the heat transfer rate by 18.4 % 
[118] 
2019 NaNO3 307 A cylindrical encapsulated PCM heat pipe assisted was simulated by employing the thermal resistance network 
method. Turbulent flow on the HTF made the charging process 10 times faster. Larger heat pipe condenser length 
hardly affected the charging process. 
[123] 
2019 Polyethylene glycol 6000 52-66 The modelling of heat pipe followed the simplified thermal resistance network model as an electrical analogy. The 
temperature of the evaporator section was constant and got from experimental results, also the conductance 
resistance was constant chosen after the experimental results. The model was experimentally validated. 
[122]    
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heat pipe geometry, working fluid, wick structure, and operational 
temperature were investigated by evaluating the heat pipe thermal 
resistance [21]. It could be concluded that heat pipe thermal resistance 
increased with the heat input and decreased if the vapour radius and 
operating temperature were risen. Also, a 15 mm radius of adiabatic 
section was enough, and a larger one did not improve the design. 
Within the last research with this model done by Mahdavi et al. [22] the 
heat pipe geometrical features were analysed. Three different config-
urations when the main heat pipe falls into the condenser (straight, 
rounded, and tapered), and two geometries from the condenser to the 
secondary heat pipe network (straight and tapered) were studied 
(Fig. 31d and e respectively). The geometry changes in the secondary 
heat pipe inlet hardly had any effect on either temperature or pressure 
distribution at the condenser section. However, when main heat pipe 
condenser inlet, the tapered corner had lower thermal resistances (14% 
lower) and higher temperatures were achieved. 











fg o (3)  
Clausius-Clapyron equation, where Tint is the interface temperature 
[K], hfg is the latent heat of evaporation [J/kg], Rg is the gas constant 
[J/(kg•K)], P is the relative pressure (Pabsolute-Po) [Pa], To and Po are the 
operating temperature and pressure. 
After considering all studies which deeply model hybrid latent heat 
TES and heat pipes by using CFD, the assumptions that would lead new 
numerical studies towards more accurate models (also more complex) 
but computationally affordable are as follow. The heat pipe is two-di-
mensional and axisymmetric; liquid and vapour flow in the heat pipe 
are steady and laminar; gravitational force is negligible; the wick is 
homogeneous, isotropic (the wick porosity and permeability are con-
stant and uniform), completely saturated with liquid (the heat pipe 
cannot be dried out), and liquid flow in the porous wick is neglected; 
heat pipe working fluid evaporation and condensation only occur at the 
vapour-liquid interface; the vapour energy equation includes the pres-
sure work and viscous dissipation; the saturation temperature at the 
wick-vapour interface follows Clausius-Clapyron equation (Eq. 3); all 
working fluid properties are calculated at the heat pipe operating 
temperature and assumed constant, except the vapour density, which is 
determined by the ideal gas equation. Common assumptions in regards 
to the PCM are that pure molten PCM density is the same as solid one, 
and the molten PCM is a Boussinesq fluid. 
6. Conclusions 
This paper presents a comprehensive review of the experimental 
and numerical research performed about heat pipes and latent TES 
hybrid applications. From the bibliometric study performed and pos-
terior assessment of the retrieved documents from the query, we rea-
lised that despite of the concise query, many of the documents were not 
related to hybrid systems. The review provides details of the studies, 
Fig. 29. Chang et al. [117,134], different geometries modelled, heat pipe with a 
hollow cylinder in the vapour channel (left), heat pipe with a cylinder full of 
PCM in the vapour core (middle), and a heat pipe with six small PCM cylinders 
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helping new researchers to find paths to be further explored in regards 
to this technology. 
It was observed that the main goal for these hybrid systems was to 
work in couple with solar applications. However, this solar experi-
mental research was mainly dedicated to low temperatures applica-
tions. The other interested fields regarding coupling of latent TES and 
heat pipes were cooling for electronics or electric batteries. But the 
latter two the PCM usually worked as a thermal shock absorber, 
avoiding overheating of electric equipment. 
While most of experimental works were dedicated to low tem-
perature applications (mainly around 55ºC), efforts using numerical 
modelling were focused on high temperature applications. The proce-
dure followed by many was first to develop a model of the design, 
second to validate it with experiments at low temperature and third, to 
apply the model to higher temperature applications. However, when 
escalating up the device, slight differences between model and experi-
mental could be also scaled up. Therefore, further experimental re-
search needs to be done to validate the models at high temperature 
before jumping to real scale facilities. 
Also, regarding the research on modelling, many documents simu-
lated the heat pipe as high thermal conductive solid (e.g. the heat pipe 
is modelled as a copper pipe which conductivity is 90 times higher). 
Those models although performing well when being validated with 
experimental tests at low temperatures, they did not describe the 
working principle of the heat pipe as good as solving Navier-Stokes 
equations, as described in heat pipe modelled by using CFD Section 5.3. 
It was true that the computational cost was highly reduced, so they 
were a good starting point when modelling a hybrid latent TES system. 
However, a detailed CFD modelling should be used in case that the 
model precedes a new equipment design, especially at high tempera-
tures, to ensure a proper and safer approximation. 
All in all, from the assessment performed in this review, some 
guidelines for future research about hybrid systems (latent heat TES 
and heat pipes) can be drawn. Taking into account that one of this 
hybrid technology biggest potential is found within solar applications, 
but just a few were performed at high temperature range (> 150 °C), 
contributing to this gap experimentally would be the main advice. Also, 
this hypothetically future research will fill the gap found into numerical 
research, which necessity to be validated at higher temperatures with 
experimental data is yet to be done. 
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